Abstract-The paper considers two models of induction machines accounting for magnetic saturation. The first is a systematically-designed model based on fundamental principles, while the second is a simplified model that neglects certain terms in the first model. The paper shows that both models predict the same responses in the linear region, as well as in the nonlinear region but only for steady-state operation. To investigate the possible superiority of one model over the other, the paper considers the measurement of transient responses where the models predict different behaviors. Experimental conditions are planned by computing the eigenvalues of the linearized systems and selecting conditions with maximal differences in settling time. Surprisingly, however, the experimental data shows relatively little differences between the predictions of the models and fails to favor one model over the other.
I. INTRODUCTION
nduction machines have found applications in various areas of industry, transport and agriculture. The most widely used model of an induction machine is a 5 th order model assuming linear magnetics. However, induction machines are often operated around the knee of the magnetization curve, causing discrepancies between the responses of the machine and those predicted by the linear model. The characteristics of selfexcited induction generators (SEIG) also cannot be analyzed without a model accounting for magnetic saturation.
The derivation of an induction machine model in magnetic saturation starts from expressions of the fluxes as nonlinear functions of the stator and rotor currents. A model can be derived with the currents as state variables. For this purpose, the flux in each axis is assumed to be a function of a magnetizing inductance and the stator and rotor currents in that axis. The magnetizing inductance is assumed to be a scalar, nonlinear function of the magnetizing current [1] - [8] .
Differentiation of the magnetizing inductance can be avoided by taking stator and rotor flux linkages as the state variables [1] , [9] - [11] , but an implicit model is obtained that is more difficult to simulate or analyze.
In contrast to these two approaches, many authors use a simplified model where magnetic saturation is accounted for by replacing the magnetizing inductance in the linear model by a nonlinear function of the magnetizing current. The approach has proved valuable and is well-supported experimentally [12] - [16] . However, certain terms of a more rigorously-derived model are neglected, so that the simplified model is actually inconsistent with accepted principles of electric machine modeling.
The paper compares the systematically-designed model of the induction machine with the simplified model. Ensuring the validity of the models could be important, for example, in the design of drives for induction motors or of electronic load controllers for self-excited induction generators. After presenting the models, the paper shows that both models predict the same responses in the linear region, and in steadystate for the nonlinear region. Therefore, any experiment designed to determine which model is more appropriate requires the measurement of a transient response deep in magnetic saturation. Analytical derivations and numerical computations are performed to find conditions maximizing the differences between the models. In particular, computation of the eigenvalues of the linearized systems for both models predict significant differences in settling time, with the simplified model having a slower convergence time. Surprisingly, however, experimental data shows relatively little differences between the models and does not favor one model over the other.
II. MODELS OF INDUCTION MACHINES

A. Full Nonlinear Model
The model of a two-phase squirrel cage induction machine in an arbitrary coordinate frame with axes F and G consists of the vector differential equations
where The magnetizing current vector of the induction machine is the sum of the stator current vector and the rotor current vector. The magnitude of the vector is referred to as the magnetizing current
The stator and rotor flux linkages are then assumed to be of the form ( ) 
where
is the dynamic magnetizing inductance, and Ψ M denotes the amplitude of the main magnetic flux linkage.
B. Simplified Model
For convenience, the model discussed in the previous section will be called the full model. This section considers a model that will be called the simplified model, because it can be obtained from the full model by dropping certain terms. If the system consisted of a single inductor 0 L with current 0 i , the approach would amount to dropping the second terms in
For the induction machine, the model becomes
where 0 0 
C. Relationship between the Models
Comparing the models, one finds that the simplified model is the same as the full model, but with L replaced by M L . Note that an alternative representation of the full model (5) is obtained by using the following equality
Substituting (9) into (5) gives the expression for the full model
The last term in (10) constitutes the (whole) difference between the full and simplified models. The term is zero if (8) is obtained for which the magnetizing current is constant, it is also a solution of the full model (5). As a result, both models predict the same responses in steadystate conditions. Any study of which model better represents the physical reality of saturated induction machines requires both the operation deep into magnetic saturation and the measurement of a transient response.
D. Self-Excited Operation
The validation of the models is considered through operation of the induction machine as a self-excited induction generator. SEIG operation presents an interesting opportunity because it necessarily brings the machine into the magnetic saturation region (indeed, currents would grow unbounded if the magnetics were linear). Thus, transient SEIG responses are likely to highlight differences in the full and simplified models.
For self-excited operation, resistive loads are connected in parallel with capacitors to the stator windings, resulting in the additional vector equation
where Y L is the admittance of the resistive load and C is the value of the capacitor (both added to each phase). The velocity of the SEIG is assumed to be constant, eliminating any effect from the mechanical response.
Combining (5) with (11) and extending the state vector with the stator voltages gives the 6 th order (full) model 
The alternative representation of (12) based on (10) can be put in the form
and L E is of 6 th order
is the simplified model of the induction generator.
The steady-state solutions of systems (12) and (14) are obtained as [5] - [7] * * * * *2 2 *2 2 
where As investigated in [5] - [7] , the value associated with the descending part of the curve defines the stable operating mode.
E. Linearization of the Full Model
Linearization of the nonlinear system (12) in the vicinity of * X can be performed by considering small perturbations X δ with * X X X δ = + . For such perturbations around the equilibrium, a first-order description is ( )
where * E and * F are the values of the matrices E and F at the equilibrium and
The term in the second bracket is the matrix obtained by taking the partial derivative of the matrix E with respect to the k th element of X and evaluating the elements of the resulting matrix at the equilibrium values. The summation is performed over the n elements of X δ . A similar definition applies for F.
Using the fact that * 0 X = and * * 0 F X = , and neglecting second-order terms, one obtains the linearized description of the system around the equilibrium
Equation (20) can be put in the form ( )
where the (i,j) th element of the matrix ω . From (6)
where 
Note that an arbitrary equilibrium vector can be transformed through a shift of angle in the FG reference frame into an equilibrium vector with
This means that the reference frame is aligned with the magnetizing current vector. In this case, E * is obtained by setting
Because all the equilibrium vectors X * associated with some 
F. Linearization of the Simplified Model
Following a similar procedure for the simplified model (14) gives the linearized system ( )
The linearized system is the same as the linearized system for the full model, but with the matrix 
III. SIMULATIONS AND EXPERIMENTAL RESULTS
A. Steady-State Characteristics
A three-phase induction motor AИPM63B4Y3 (with rated values 370W, 380V, 50 Hz, and 1450 rpm) was used as a generator and coupled to another induction motor 4AM80B3Y3 (with rated values 2.2KW, 380V, 50 Hz, and 2800 rpm) controlled through a frequency converter ABB ACS140. The higher value of the second motor's nominal power and the slip compensation function in the ACS140 provided velocity stabilization during experiments. The parameters of the generator and the analytical approximation of the magnetizing inductance curve are given in the appendix. The excitation capacitors were Δ-connected while the load resistors were Y-connected. During computations, the value of the capacitors was tripled for equivalent Y-connection. frequency, likely due to the dependency on M L .
B. Computation of Eigenvalues
The eigenvalues of the linearized systems of both models were computed as functions of the velocity within the velocity range corresponding to the general self-excitation boundaries, for the cases of no load and 200Ω load with a 90µF capacitor. The operating points associated with the descending part of the M L curve were considered (since the other ones are known to be unstable). The 6 eigenvalues for both systems always had the following characteristics: four were couples of complex conjugates with negative real parts, one had a nonzero negative real value and one had zero value (the zero eigenvalue is associated with the infinite number of steadystate solutions corresponding to phase shifting of the voltages and currents). It was found that the complex eigenvalues did not change greatly with velocity, were well into the stable side of the complex plane, and were very close for both systems.
The main factor influencing the transient behavior was therefore the real negative eigenvalue (referred to as #5), which was closer to the imaginary axis and differed significantly between the models. Fig. 2 shows that the biggest difference between eigenvalues 5 of the linearized systems is in the middle of the general self-excitation boundary (at a velocity of about 120 rad/s). This result is not unexpected since the operating point also corresponds to the highest difference between 
C. Simulation of Voltage Perturbations and Experiments
To design an experiment where the most significant difference can be observed between the full and simplified models, it was chosen to measure the transient response caused by step change of load from 200Ω to no load, and vice-versa, with C=90µF and ω=119.32 rad/s. The results of simulations of the stator voltage amplitudes based on the two models are compared to experimental data on Figs. 3 and 4. Both curves of the simulated voltage are close to the experimental data, but it is surprising to note that the simplified model gives a more accurate result for the case of load decrease, whereas the full model gives a better prediction in the case of a load increase. Similar results were also observed while investigating the cases with ω=81.64 rad/s, and for C=54µF with ω=96.712 and 119.32 rad/s.
IV. CONCLUSIONS
Two nonlinear models of an induction machine were considered in the paper. Although both models account for magnetic saturation, the simplified model is obtained by neglecting some terms in the full model. The objective of the project was to determine which of the models more accurately represents experimental data. It was determined that a difference between the models could only be observed by measuring transient responses deep into the saturation region. Therefore, experiments were carefully designed to maximize differences between the responses of the models in selfexcited operation. A conclusion of the experiments is that, despite careful design, the differences found between the models were relatively minor. Further, neither model was consistently favored by the data. It is hoped that further research on this subject will provide additional insights into the relative merits of the different models. 
